Well-aligned zinc oxide (ZnO) nanowire arrays were successfully synthesized on a glass substrate using the rapid microwave heating process. The ZnO seed layers were produced by spinning the precursor solutions onto the substrate. Among coatings, the ZnO seed layers were annealed at 100
Introduction
ZnO, a wide-band gapsemiconductor (Eg = 3.37 eV) [1] , has been synthesized to nanowire via various methods, such as chemical vapor deposition [2] [3] [4] , vapor-liquid-solid growth [5, 6] , pulsed laser ablation techniques [7] , and solution chemistry [8] [9] [10] [11] in constructing nanoscale electronic and optoelectronic devices. Vapor-based synthesis produces high-crystalline and high-aspect-ratio ZnO nanowires with lengths of several microns, owing to the high synthesis temperatures (450 to 900
• C) and high vacuum ambient. However, it has a limit for the large scaling of the substrate and flexible electronic device integration as the hydrothermal methods for synthesizing ZnO nanowires operate at much lower temperatures (below 100
• C) and atmospheric pressure. Nevertheless, this hydrothermal method has been used successfully to demonstrate the fabrication of large arrays of vertical ZnO nanowires on glass, 4-inch diameter Si wafers [12] , and plastic substrates [13] .
A thorough investigation of hydrothermal ZnO nanowire synthesis revealed that the time necessary for this synthesis ranged from several hours to several days [12, [14] [15] [16] [17] . To solve this problem, Jung et al. recently investigated tip sonication as a quick method for the aligned ZnO nanowire synthesis [18] , and Hu et al. studied the possibility of using microwave heating to rapidly synthesize micron-sized ZnO particles [19] . Microwave heating has also been investigated for rapid synthesis of ZnO nanowire by Unalan et al. [20] . Most previous research in this area has focused on the rapid synthesis of ZnO nanowire and postannealing treatment of ZnO nanowire in air, O 2 , or vacuum ambient. However, vertical well-aligned ZnO nanowire arrays and annealing treatment for ZnO seed layers on glass substrate have yet to be achieved. Consequently, this study annealed in different conditions for ZnO seed layer is essential for obtaining high-quality and well-aligned ZnO nanowire arrays.
Experimental Details
In this study, we report on the optimal synthesis conditions for preparing well-aligned ZnO nanowire arrays using the rapid microwave heating process. These well-aligned ZnO nanowires were grown using a two-step process: (a) preparation of the seed layer and (b) growth of the nanowire arrays.
In the first step, coating solutions (20 mM) were prepared by a zinc acetate dihydrate (98%, Aldrich) and 1-propanol (spectroscopic grade). The ZnO seed layers were produced by spinning the precursor solutions on a glass substrate. Among coatings, the ZnO seed layers were annealed at 100
• C for 5 minutes to ensure particle adhesion to the glass surface in air, nitrogen (N 2 ), and vacuum atmospheres. A uniform seed layer was obtained after three layers of spin coating. ZnO nanowires were then grown by dipping the substrates in a mixture of equimolar 25 mM zinc nitrate hexahydrate (Zn(NO 3 ) 2 · 6H 2 O, Sigma Aldrich) and hexamethylenetetramine (HMTA, Sigma Aldrich) solution in deionized (DI) water and heating with a variable microwave sintering system (2.45 GHz) at 140 W power setting and atmospheric pressure as the optimal condition. Microwave heating was performed for 10 to 30 min; a revolving turntable within the sintering system ensured a homogeneous heating of the solution. The obtained ZnO nanowire arrays on the glass substrate were removed from the solution, rinsed with DI water, and dried.
The surface morphology of the ZnO seed layer was observed by atomic force microscopy (AFM). The morphology and size of the ZnO nanowires were investigated by field emission scanning electron microscopy (FESEM) (Hitachi S-4800S, operated at 15 kV), and the crystallinity of the ZnO nanowires was investigated using high-resolution transmission electron microscopy (HRTEM) (Hitachi 9500, operated at 300 kV). HRTEM specimens were prepared by scraping wires from the substrates, followed by dispersion in ethanol and then drop cast onto the copper grids. The crystal structure of the ZnO nanowires was observed using X-ray diffraction (XRD) (Scintag XDS-2000 diffractometer) with CuKα radiation. The optical characteristics of the as-grown nanowires were investigated using photoluminescence (PL) measurements. The PL measurements were performed at room temperature with the 325 nm line of a Xenon laser. The X-ray photoelectron spectroscopy (XPS) was measured by using a Kratos AXIS 165 instrument with monochromated AlKα radiation. Figure 1 shows the AFM images of the ZnO seed layers and the SEM images of the ZnO nanowire arrays in the optimal conditions (140 W, 2.45 GHz, and 30 minutes). At the annealing temperature of 100
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• C, the seed layer exhibits no grain forms, whereas, at the annealing temperature of 300
• C, the seed layer contains fine grains [21] . As shown in Figures  1(a) , 1(c), and 1(e), uniform ZnO nanoparticles adhering to the glass substrate were observed, which serve as the nucleation centers. The initial stage for the ZnO seed layer is a critical component in obtaining the high quality of uniform ZnO nanowire arrays. The size distribution of the ZnO nanoparticles at air annealing conditions is more uniform and narrower compared to nitrogen and vacuum annealing conditions. The dispersion and agglomeration of ZnO nanoparticles on the glass substrate are not identical due to the different annealing conditions. The higher uniformity of seed layer on air annealing condition, in turn, leads to the growth of higher-quality ZnO nanowire arrays. The density of ZnO nanoparticles annealed in air, in N 2 , and in a vacuum calculated from Figures 1(a) , 1(c), and 1(e) is 664 μm −2 , 840 μm −2 , and 1160 μm −2 , respectively. Though the density of the ZnO nanowire arrays on the ZnO seed layer annealed with the vacuum is approximately 220 μm −2 , as calculated from the SEM image, the density of ZnO nanoparticles calculated from the AFM image is approximately 1160 μm −2 . This discrepancy indicates that the ZnO seed nanoparticles of larger than approximately 30 nm diameter can evolve into ZnO nanowire arrays. In air annealing conditions, the average diameter of ZnO nanoparticles increased, which thus enhanced the alignment of the nanowire arrays. If the ZnO nanowires have a broad size distribution, this interaction will cause the small nanowires under asymmetric force to bend easily, degrading the nanowire alignment [22] . Figures 1(b) , 1(d), and 1(f) show the SEM images of top view and crosssectional view for the ZnO nanowire arrays corresponding to Figures 1(a), 1(c) , and 1(e), respectively. These were grown at a fixed temperature 90
• C, while the seed layers were annealed at 100
• C with air, N 2 , and vacuum conditions, respectively. The SEM image of the ZnO nanowire arrays on the ZnO seed layer annealed at air clearly shows a high density of vertically grown ZnO nanowire arrays with welldefined hexagonal facets (001). These nanowire arrays have a narrow size distribution centered of approximately 38 nm in diameter in Figure 1(b) . The cross-sectional view (inset of Figure 1(b) ) of the ZnO nanowire arrays indicates that the ZnO nanowire arrays grew vertically with identical lengths of 340 nm. The annealing condition of the ZnO seed layer is a key influence on the nucleation of the ZnO nanowire array. Furthermore, the ZnO nanowire arrays on the ZnO seed layer annealed at air are well aligned both vertically and uniformly (Figure 1(b) ). The well-defined crystallographic planes of the hexagonal-shaped nanowires can be clearly identified, providing strong evidence that the ZnO nanowire arrays orientate along the c-axis. Figure 2 shows the XRD patterns of the ZnO nanowire arrays. It did not appear that any other characteristic peaks corresponding to the impurities of the precursors such as zinc nitrate and zinc hydroxide were observed in the XRD patterns. At the ZnO nanowire arrays on the ZnO seed layer annealed in air, a very strong (002) diffraction peak and a very weak (101) peak are observed, indicating a high caxis orientation of the ZnO nanowire array. In addition, the intensity of the (002) diffraction peak is the strongest, compared to other samples annealed in both N 2 and vacuum conditions. This result, in accordance with its SEM image of Figure 1(b) , implies its perfect c-axis orientation. However, for the ZnO nanowire arrays on the ZnO seed layer annealed in a vacuum, the (002) diffraction peak weakens while the (100) and (101) peaks slightly increase in strength, indicating its tendency toward random orientation. These conclusions closely match the SEM image of the ZnO nanowire arrays observed in Figure 1(f) . The previous XRD investigation of the seed layers annealed at 100
• C by Asakuma et al. indicates a nearly amorphous structure which agrees with our result [23] . However, the ZnO nanowire arrays are highly (002) plane-oriented on an amorphous ZnO seed layer. This orientation indicates that the ZnO nanowire arrays prepared by the rapid microwave heating process have preferential orientation along the (002) plane on the seed layer without a certain orientation.
The TEM image and the corresponding fast Fourier transform (FFT) pattern are shown in Figure 3(a) . Here, it is clearly evident that individual ZnO nanowire arrays with a diameter of 38 nm grown along the [002] direction possess a single-crystalline wurtzite structure. The high-resolution TEM image in Figure 3 (b) also shows that the ZnO nanowire array is structurally uniform. We also see the clear d-spacing of (002) crystal planes, confirming that the ZnO nanowire arrays grown with the rapid microwave heating process are preferentially oriented in the c-axis direction.
The PL spectrum shown in Figure 4 was derived at room temperature. The peak due to the near-bandgap edge emission of the wide-bandgap ZnO is centered at 380 nm. At the ZnO nanowire arrays on the ZnO seed layer annealed in air, the defect-related green emission (565 nm) of the ZnO nanowire arrays is lower than in the N 2 and vacuum annealing conditions. The green emission is also known to be a deep-level emission caused by the impurities and structural defects in the crystal (e.g., oxygen vacancies, zinc interstitials) [24] . According to the annealing conditions, the PL peak in the green emission region is gradually enhanced, which is believed to result from oxygen vacancies. Therefore, it is suggested that the ZnO nanowire arrays may reduce the defect density and hence lower the defect-related emission caused by the ZnO seed layer annealed in air conditions. Moreover, the ZnO nanowire arrays on the ZnO seed layer annealed in air have a highly delineated (002) orientation and vertical alignment. Figure 5 shows XPS spectra of O1s for ZnO nanowire arrays, fitted with Gaussian-Lorentz distribution (70 : 30 ratio). The O1s peak was constructed of subpeaks at 527.2 eV and 528.5 eV, respectively. The peak with low binding energy (527.2 eV) corresponds to O 2− on normal wurtzite structure of a ZnO single crystal [25] . Another peak centered at 528.5 eV is attributed to O 2− in the oxygen vacancies within the ZnO matrix [26] . The O1s peaks for the ZnO nanowire arrays on the ZnO seed layer annealed at vacuum have a shoulder at higher binding energy as shown in Figure 5 which gradually decreases for annealed samples in N 2 and in air. From the observation of O1s peaks, it is clear that the oxygen vacancies of the ZnO nanowire arrays decrease with annealing in air conditions. Annealing in N 2 and vacuum can cause a deviation from the stoichiometric state, resulting in large oxygen deficiencies [27] . These oxygen deficiencies were decreased by O that was complemented with annealing in air. These results indicate that the stoichiometry and structure of ZnO seed layers annealed in air are superior to those of ZnO layers annealed in both N 2 a vacuum. The XPS measurement supports this PL observation. These observations indicate that the ZnO nanowire arrays on the ZnO seed layer annealed at vacuum degrade the nanowire quality, thus creating oxygen vacancies.
Conclusion
High-quality and well-aligned ZnO nanowire arrays were successfully synthesized on glass substrate by the rapid microwave heating process. We verified that the annealing treatment for ZnO seed layer was very important for achieving the high quality of ZnO nanowire arrays as ZnO seed nanoparticles of larger than 30 nm in diameter evolve into ZnO nanowire arrays. The ZnO nanowire arrays on the ZnO seed layer annealed at air are highly c-axis-oriented and perpendicular to the substrate with high crystalline quality compared with N 2 and vacuum annealed ZnO nanowires. The PL measurements show that the ZnO seed layer annealed in air yields low levels of oxygen vacancies in the ZnO nanowire arrays. The high-quality ZnO nanowires created with the rapid microwave heating process show a great promise for use in flexible solar cells, flexible displays, and other flexible devices with low power, low growth temperature, short growth time, easy fabrication, and low cost. 
